High-dose ionizing irradiation can cause extensive injuries in susceptible tissues. A noninvasive imaging technique that detects a surrogate marker of apoptosis may help characterize the dynamics of radiation-induced tissue damage. The goal of this study was to prove the concept of imaging the temporal and spatial distribution of damage in susceptible tissues after high-dose radiation exposure, using 99m Tc-duramycin as a phosphatidylethanolamine-binding radiopharmaceutical. Methods: Rats were subjected to 15 Gy of total-body irradiation with x-rays. Planar whole-body 99m Tc-duramycin scanning (n 5 4 per time point) was conducted at 24, 48, and 72 h using a clinical g-camera. On the basis of findings from planar imaging, preclinical SPECT data were acquired on control rats and on irradiated rats at 6 and 24 h after irradiation (n 5 4 per time point). Imaging data were validated by g-counting and histology, using harvested tissues in parallel groups of animals (n 5 4). Results: Prominent focal uptake was detected in the thymus as early as 6 h after irradiation, followed by a gradual decline in 99m Tcduramycin binding accompanied by extensive thymic atrophy. Early (6-24 h) radioactivity uptake in the gastrointestinal region was detected. Significant signal was seen in major bones in a slightly delayed fashion, at 24 h, which persisted for at least 2 d. This finding was paralleled by an elevation in signal intensity in the kidneys, spleen, and liver. The imaging results were consistent with ex vivo g-counting results and histology. Relatively high levels of apoptosis were detected from histology in the thymus, guts, and bones, with the thymus undergoing substantial atrophy. Conclusion: As a proof of principle, this study demonstrated a noninvasive imaging technique that allows characterization of the temporal and spatial dynamics of injuries in susceptible tissues during the acute phase after highdose ionizing irradiation. Such an imaging capability will potentially be useful for global, whole-body, assessment of tissue damage after radiation exposure. These data, in turn, will contribute to our general knowledge of tissue susceptibility to ionizing irradiation, as well as the onset and progression of tissue injuries.
tion therapy or incidental radiation exposure, can cause injuries in susceptible tissues. There is extensive and growing literature on the temporal and spatial characterization of ionizing irradiationinduced tissue injuries. However, current knowledge is based largely on symptomatic interpretations, functional changes, pathologic and histologic analysis, and in vitro cell-based studies. A noninvasive imaging technique would provide a new approach for dynamic, whole-body assessment of radiation-induced pathophysiologic changes. The availability of a noninvasive imaging technique would contribute to our general knowledge on radiation-induced tissue injuries on a system level. Additionally, this technique might help in the early detection of injury, as well as in monitoring progression of tissue damage and the efficacy of interventional treatments.
Apoptosis is abundant in susceptible tissues after high-dose ionizing irradiation (1) (2) (3) (4) (5) (6) (7) . On a cellular level, the primary cause of cellular injury by ionizing irradiation includes DNA damage, in which severely damaged cells commit to apoptosis (6, 7) . Ionizing irradiation also results in the generation of reactive free-radical species, which attack vital cellular components and can cause cell death (6, 7) . Given that the peak of the early wave of apoptosis arrives within hours after irradiation, apoptotic cell death is one of the earliest manifestations of tissue injury. Detection of radiationinduced apoptosis, therefore, has significant potential in the characterization of tissue injuries in the acute phase.
The externalization of certain phospholipids, such as phosphatidylserine (PS) and phosphatidylethanolamine (PE), is an established molecular marker for apoptosis (8) (9) (10) (11) . In a typical viable mammalian cell, PS and PE are predominantly distributed in the inner leaflet of the plasma membrane in an energy-dependent manner (9) . During apoptosis, the redistribution of these phospholipids across the bilayer is facilitated. As a result, PS and PE become exposed onto the cell surface (8) (9) (10) (11) . Being major phospholipid components of the plasma membrane, exposed PS and PE provide well-defined molecular targets for detection using phospholipidtargeted imaging agents (12) (13) (14) .
Noninvasive imaging in a whole-body fashion demands that an imaging agent bind avidly to target tissues, with fast systemic clearance and a low general background level. In terms of apoptosis imaging, considerable effort has been invested in developing agents with optimal in vivo binding, biodistribution, and clearance profiles. To this end, 99m Tc-labeled duramycin has been shown to have favorable imaging properties, including high-affinity and high-specificity binding to PE, fast blood clearance, and a low general background level (14) . These properties of 99m Tcduramycin have been studied in depth with quantitative analysis and shown as advantageous over larger, protein-based imaging agents (14, 15) . The combination of these characteristics makes it appropriate to test 99m Tc-duramycin in a whole-body imaging survey. The goal of the current study was to investigate the feasibility of using 99m Tc-duramycin to capture the global dynamics of early cell death induced by high-dose ionizing radiation.
MATERIALS AND METHODS

Total-Body Irradiation
The animal protocol was approved by the Institutional Animal Care and Use Committee under the National Institutes of Health guideline. Barrier-maintained animals (female rats, strain WAG/RijCmcr, 8-10 wk of age with a body weight between 120 and 140 g) underwent total-body irradiation, including the tail. Irradiation was performed on unanesthetized animals placed in a customized jig (19 · 3.9 · 4 cm) that prevents movement of the rat or its appendages during the irradiation process. The rats were placed in the jig 5-10 min before the irradiation for acclimation, and the irradiation time ranged from 3 to 5 min at 15 Gy of total-body irradiation. The irradiation was delivered in single doses by an orthovoltage x-ray machine. Irradiated rats and age-matched controls were housed under identical conditions until the completion of the study.
Animals
For planar imaging, 4 animals per group were imaged at 1 h after 99m Tc-duramycin injection, and the groups included a control (nonirradiated) group and 24-, 48-, and 72-h postirradiation groups. 99m Tc-methyldiphosphonate ( 99m Tc-MDP) bone scanning was performed on 4 animals at 24 h after irradiation. For SPECT studies, 4 animals per group were scanned at 1 h after 99m Tc-duramycin injection, and the groups included a control group and 6-and 24-h postirradiation groups. Separate groups of animals were used for tissue analysis. The groups for tissue analysis were a control group and 6-, 24-, 48-, and 72-h postirradiation groups. Four animals per group were injected intravenously with 99m Tc-duramycin and were sacrificed at 1 h after injection. Organs and tissues were collected for g-counting and histology.
Radiopharmaceutical Preparation
The duramycin was radiolabeled as previously described (14) (15) (16) (17) . More specifically, duramycin was covalently modified by reaction with succinimidyl 6-hydrazinonicotinate acetone hydrazone (HYNIC). One microgram of monoconjugated HYNIC-duramycin was labeled using approximately 74 MBq of 99m Tc-pertechnetate in a single-step kit formulation with the presence of tricine, trisodium triphenylphosphine-3,39,3$-trisulfonate, and stannous chloride. The reaction vial was heated to 80°C for 20 min before being cooled to room temperature for injection. The radiopharmaceutical was consistently of at least 92% radiochemical purity and was injection-ready according to high-performance liquid chromatography analysis.
In Vivo Studies
For in vivo radionuclide imaging, 2-dimensional planar and 3-dimensional tomographic imaging data were acquired using a clinical g-camera and a preclinical SPECT scanner, respectively. The use of in vivo imaging was intended to demonstrate the feasibility of detecting radiation-induced tissue injuries in a qualitative fashion. The in vivo imaging results were validated in terms of percentage injected dose per gram (%ID/g) in specific organs and tissues by g-counting. For anterior whole-body planar imaging, the anesthetized animal was immobilized on the surface of a clinical XRT g-camera (GE Healthcare) equipped with a low-energy, high-resolution parallel-hole collimator. Static images were acquired at 60 min after 99m Tc-duramycin injection (intravenous, 37 MBq) with 1 million counts, a 22.5 · 22.5 cm field of view, and an energy window of 140 6 15 keV. 99m Tc-MDP bone scanning was performed at 24 h after irradiation to examine potential changes in osteogenic activity, with 37 MBq being injected intravenously into 4 animals and whole-body anterior planar images acquired at 30 min after injection. SPECT and CT anatomic data were acquired on a Triumph small-animal SPECT/CT scanner (GE Healthcare) equipped with a quad-detector SPECT system and multipinhole collimators at 1.2-mm spatial resolution. Each animal was injected with 99m Tc-duramycin at approximately 37 MBq of radioactivity via the tail vein. At 60 min after injection, helical SPECT was acquired at an energy window of 140 6 15 keV with 72 projections at 10 s each, followed by anatomic CT at an energy level of 80 keV. SPECT and CT data were reconstructed and coregistered using inbuilt software.
Tissue Analysis
Results from whole-body radionuclide imaging were validated by g-counting using dissected tissues. More specifically, control and irradiated animals at 6, 24, 48, and 72 h were sacrificed at 1 h after intravenous injection of 99m Tc-duramycin (3.7 MBq). Different tissues and organs were excised, weighed, and measured in a well counter. The tissues analyzed for g-counting were the bone, brain, fat, heart, kidneys, liver, lung, muscle, pancreas, skin, small intestine, spleen, stomach, thymus, and thyroids. The amount of radioactivity in each tissue was measured by g-counting using a well counter (Ludlum model 243) at an energy peak of 140 keV. A 137 Cs source was used to calibrate the well counter at 662 keV and to determine the constancy. Peak validation was then performed for 99m Tc (140 keV) using a 99m Tc source.
The calibration procedure was as follows. A 137 Cs source was inserted to calibrate the well counter at a peak energy level of 662 keV. A 99m Tc source was then inserted to validate the energy peak for 99m Tc, which was at 140 keV. For further validation, the 99m Tc energy spectrum was mapped between 80 and 200 keV by acquisition of a reading at every 5 keV using the same 99m Tc source in the well counter. Afterward, the 99m Tc dose was validated with a dose calibrator, and serial dilutions were made of small aliquots from the 99m Tc dose, which had been measured in the dose calibrator. The serial dilution samples were counted in the well counter, and the counting efficiency for 99m Tc was calculated. This counting efficiency was 83.1%, which was the value we used for biodistribution calculations. Three consecutive counting measurements were then performed on the same 99m Tc sample; the counts were within 1.0%. The constancy test was repeated on day 2 using the 137 Cs source and the same 99m Tc sample in triplicate to ensure that the counts were consistent with day 1 after decay correction, before measurement of high-counting-rate samples that were kept for decay from day 1. The samples were measured with a maximum count limit of 5,000 cps. Measuring serial diluted 99m Tc samples with known radioactivity levels allowed the linear range of the counter to be up to 6,000 cps. Uptake values were corrected for decay and presented as %ID/g with means and SDs. Changes in the level of 99m Tc-duramycin uptake in each tissue were also calculated as the ratio between irradiated and control animals.
Histology
According to in vivo radionuclide imaging studies, tissues that have elevated uptake of 99m Tc-duramycin-thymus, bones, small intestine, and liver-were further analyzed for the presence of apoptosis using hematoxylin and eosin staining and the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay. Portions of fresh tissue specimens isolated for g-counting studies were immediately fixed in 4% formaldehyde in phosphate buffer. The tissues were paraffin-embedded, and 4-mm sections were prepared. The TUNEL assay was performed following a standard staining protocol provided by the manufacturer (Roche). The level of apoptosis was determined by counting TUNEL-positive nuclei in random microscopy fields and expressed as a percentage of total nuclei in terms of apoptotic index.
Statistics
A 2-tailed Student t test was used to examine the significance of differences among tissue specimens, with a P value smaller than 0.05 considered statistically significant.
RESULTS
Two-Dimensional Planar Imaging Studies
In control animals, intravenously injected 99m Tc-duramycin cleared rapidly via the renal urinary tract, and the general background level was low throughout the body (Fig. 1A) . Of particular note was the minimal background in the hepatic and abdominal regions. The low systemic background and fast clearance indicate that 99m Tc-duramycin is appropriate for whole-body imaging applications. As demonstrated in Figure 1B , at 1 d after the 15-Gy total-body irradiation, the most prominent change in 99m Tc-duramycin uptake was in the thymus, with a strong focal hot spot in the thoracic region. At the same time, major bones, presumably the bone marrow, had a significant signal (Fig. 1B) . 99m Tc-duramycin binding in the thymus declined over the next 2 d, becoming barely detectable on the third day after irradiation (Figs. 1C and 1D, respectively). In contrast, the signal from major bones remained persistent on days 2 and 3 (Figs. 1C and D, respectively), suggesting a difference in apoptotic potential or clearance kinetics. Despite significant levels of 99m Tc-duramycin binding, 99m Tc-MDP bone scanning, in which the radiopharmaceutical is adsorbed to the structure of hydroxyapatite in bones, did not detect any significant changes between control and irradiated animals in the acute phase.
Representative images acquired at 24 h after irradiation are shown in Figure 2 . This finding indicated a lack of changes in structural biomarkers at such an acute phase after irradiation. Accompanying the dynamic changes in the thymus and major bones, uptake of 99m Tc-duramycin in the hepatic region started to rise between days 2 and 3 (Figs. 1C and 1D, respectively) . The abdominal region also exhibited significant uptake, possibly associated with injuries to gastrointestinal components (18) . Radioactivity uptake in the kidneys was elevated over this period, possibly reflecting a state of dehydration as a result of reduced water intake due to compromised gastrointestinal functions (19) . Binding of 99m Tc-duramycin remained at or near the background level in other major organs and tissues, such as the brain, lungs, skeletal muscles, and adipose tissues. The findings from these imaging studies indicate that changes in 99m Tc-duramycin uptake in various tissues and organs after high-dose ionizing irradiation is unequivocally detectable in the acute phase on planar images using a conventional clinical g-camera.
Three-Dimensional Tomographic Imaging Studies
The early changes in 99m Tc-duramycin uptake in various tissues and organs were documented using preclinical SPECT/CT in a higher spatial resolution with anatomic localization. On the basis of findings from planar imaging studies that a significant focal hot spot in the thymus was detected by 24 h after irradiation, it was decided that an earlier time point should be explored. The 3-dimensional tomographic biodistribution profile of 99m Tc-duramycin in control animals was consistent with the planar imaging data (Fig. 3) , in which there was a low systemic background except for the renal and urinary tract. When scanned as early as 6 h after irradiation, the thymus exhibited intense 99m Tc-duramycin uptake, and in the high-resolution tomographic images the contour of the thymus was prominently delineated (Fig. 4 ). An elevation of signal in the gastrointestinal region was also observed (Fig. 4) . On the other hand, the level of 99m Tc-duramycin uptake in the bones was near that of the background (Fig. 4) . At 24 h after 15 Gy of total-body irradiation, focal uptake of 99m Tc-duramycin in the thymus remained distinctly visible, but the level of signal had subsided considerably compared with the 6-h time point. In the meantime, significant signals in the gut and major bones were clearly detectable on SPECT images (Fig. 5) . The temporal differences in radioactivity uptake in various tissues indicated that the kinetics of programmed cell death were variable and that the apoptotic activity in the thymus is likely to reflect an early wave of cell death.
g-Counting and Tissue Analysis
The level of 99m Tc-duramycin uptake in different organs and tissues in the control, 6-h, 24-h, 48-h, and 72-h groups after 15 Gy of total-body irradiation is summarized in Figure 6 and Supplemental Table 1 (supplemental materials are available online at http://jnm.snmjournals.org). Changes in the ratios between irradiated and control tissues as a function of time are included in Supplemental Figure 1 and Supplemental Table 2 . Consistent with in vivo results, radioactivity uptake in the thymus was elevated 8.5-fold at 6 h after irradiation, from 0.12 6 0.09 to 1.02 6 0.22 %ID/g (P , 0.001). The thymus signal in irradiated animals remained significantly greater than that in control animals, at 0.96 6 0.19 (P , 0.001), 0.35 6 0.11 (P 5 0.018), and 0.53 6 0.20 %ID/g (P , 0.001) at 24, 48, and 72 h after irradiation, respectively. The thymus signal was significantly lower at 48 h than at 24 h (P 5 0.0016). This drop may have reflected the clearance of dead cells, as is consistent with thymic atrophy after irradiation. The radioactivity uptake in the thymus was not statistically significant (P 5 0.176) between 48 and 72 h after irradiation. 99m Tc-duramycin binding to the thymus correlated with high levels of apoptosis. Representative micrographs of hematoxylin-and eosin-stained and TUNEL-stained sections are shown in Figures 7A and 7D . More specifically, the apoptotic index in the thymus rose from 6.50% 6 2.61% to 61.29% 6 6.37% (P , 0.001) and then decreased to 41.24% 6 1.46% (P , 0.001), 37.92% 6 5.79% (P , 0.001), and 19.15% 6 1.11% (P , 0.001) at 24, 48, and 72 h, respectively, after irradiation. Over time, there was a decline in 99m Tc-duramycin binding to the thymus and in the apoptotic index, presumably because of clearance of dead and dying cells and a reduction of accessible binding sites. This process was paralleled by thymic atrophy. At 72 h after irradiation, the tissue mass for the thymus was reduced by more than 70%, as documented by both in vivo MR imaging and dissected tissues (Supplemental Fig. 2 ). 99m Tcduramycin uptake in major bones was delayed, compared with that in the thymus, where it was relatively low at 6 h (0.05 6 0.02 %ID/g, vs. control, 0.06 6 0.03 %ID/g, P 5 0.599) but significantly elevated at 24 h (0.11 6 0.02 %ID/g, P 5 0.032), 48 h (0.14 6 0.03 %ID/g, P , 0.001), and 72 h (0.15 6 0.04 %ID/g, P 5 0.011). Compared with the transient rise in 99m Tc-duramycin FIGURE 5. Whole-body SPECT apoptosis scan at 24 h after 15 Gy of irradiation. 99m Tc-duramycin uptake is clearly detectable at thymus (thin arrow), guts (thick arrow), and major bones (femur, insets).
There is also diffuse uptake in liver.
binding in the thymus, elevation of bone signal was more prolonged and did not show a significant decline at 72 h after irradiation. In the bone marrow, TUNEL-positive nuclei accounted for 9.76% 6 3.39% of the total number of cell nuclei in control animals and 21.05% 6 3.45% (P 5 0.003), 45.0% 6 4.15% (P , 0.001), 46.55% 6 1.79% (P , 0.001), and 43.0% 6 5.24% (P , 0.001) in the 6-, 24-, 48-, and 74-h groups after irradiation (Fig. 7 ). An elevated level of 99m Tc-duramycin uptake was detected in the gastrointestinal region at 6 h after irradiation (0.68 6 0.19, vs. control, 0.40 6 0.11 %ID/g, P 5 0.043) (Fig. 4) . Significantly elevated 99m Tc-duramycin uptake in the small intestine was also detected at 24 h (0.64 6 0.16 %ID/g, P 5 0.048), 48 h (0.72 6 0.19 %ID/g, P 5 0.027), and 72 h (0.76 6 0.22 %ID/g, P 5 0.026).
Regions with elevated apoptotic nuclei were found in the alimentary canal and around the crypts of the small intestine (Fig. 7) . The distribution of apoptotic cells in the gut was highly heterogeneous. Once the intestines were harvested and fully extended for histologic analysis, we found it challenging to pinpoint the regions of focal uptake. It was possible that the hot-spot uptake in whole-body scans might have reflected aggregated segments from different regions of the organ. Over time after irradiation, the liver had a diffuse pattern of 99m Tc-duramycin uptake. However, no significant levels of liver apoptosis were detected. The uptake was likely due to the accumulation of cellular debris or metabolic changes. The spleen also showed elevated 99m Tc-duramycin binding at 72 h after irradiation. Because the focus of the current study was on the detection of early tissue injuries, the presence of apoptosis on a cellular level in the spleen was not examined by histology.
DISCUSSION
Noninvasive whole-body imaging provides a unique opportunity to look at the dynamics of tissue-dependent susceptibility to high-dose ionizing irradiation and to add to current knowledge regarding the prevalence of apoptosis in radiation-induced injuries. Being noninvasive, the imaging approach is translatable to clinical applications. As a research tool, this imaging technique will facilitate detection of radiation damage, monitoring of injury progression, and evaluation of the efficacy of therapeutic interventions.
The in vivo, whole-body apoptosis scans parallel, and are complementary to, physicochemical measurements that have been reported for the retrospective assessment of ionizing irradiation exposure. The latter mainly include dosimetric measurements using electron paramagnetic resonance and stimulated luminescence techniques (20, 21) . These methods detect radiation-induced chemical and physical changes such as the generation of radical species or photons in biologic and man-made materials. A notable advantage of these physical measurements is that the changes associated with ionizing irradiation can be quantitatively detected and that the samples can be obtained with relative ease and convenience since specimens are collected from surrounding objects and exterior tissues such as nails and hair. Comparatively, apoptosis scanning detects the presence of cell death and thus is a more direct assessment of tissue damage. As such, an apoptosis scan is likely to be useful in both external-and internal-exposure scenarios, whereas physical measurements are effective only with external exposures.
In terms of signals detected in susceptible tissues, the thymus was the earliest and the most prominent in 99m Tc-duramycin uptake within hours after radiation exposure. The early peak of thymic cell death diminished by 24 h and continued to subside on days 2 and 3. These kinetics were associated with extensive thymic atrophy, whereby, in the current study, the thymic mass was reduced by more than 70% within 3 d after irradiation. The reduction of cell mass was consistent with a continued clearance of dead cells and debris, which was reflected in decreased 99m Tc-duramycin binding on later days. Lymphocytes are highly sensitive to ionizing irradiation. The thymic accumulation of dead and dying circulating lym-FIGURE 6. Radioactivity uptake as determined by g-counting.
Dynamics of 99m Tc-duramycin uptake in different organs and tissues is described in terms of %ID/g in control animal and at 6, 24, 48 and 74 h after irradiation (n 5 4 for each time point). Uptake values that are significantly higher (P , 0.05) than those of controls are highlighted with asterisks. phocytes may also have contributed to the signal intensity. The animals enrolled in the current study were juveniles and young adults, in which the thymic mass is relatively high. It is known that the thymic mass in rats gradually decreases with age, as it does in humans. When the current findings are extrapolated to humans, focal but less intense signal may be expected from older individuals because the organ is smaller. Comparatively, the peak of thymic cell death appeared to precede signal detected from major bones, which were clearly detectable at 24 but not at 6 h. Another significant difference is that the bone signal persisted until at least 72 h after irradiation-indicative of a broader wave of cell death or a slower rate of clearance for dead cells in bones. Signal from the gut was elevated as early as 6 h after irradiation and was sustained for several days. On the basis of the current findings, the focal radioactivity uptake was indicative of tissue injuries. As such, there was a qualitative correlation between hot-spot uptake and the local density of dead and dying cells. It may be possible to determine the extent of tissue injury in a semiquantitative fashion, provided that the uptake kinetics are acquired with SPECT, with the tissue mass being measured with CT or MR imaging. The total amount of externalized PE can be derived from kinetic analysis using compartment modeling (15) . This parameter is quantitatively related to the number of dead and dying cells. Although there are existing reports on radiation-induced cell death in other tissues, such as the central nervous system and lungs, no significant elevation of 99m Tc-duramycin binding was detected in the current study, likely because of a relatively low percentage of cell death or a more diffuse distribution, which is detectable on a cellular level in histology but is below the threshold of detection of whole-body imaging. The lack of a positive readout in these tissues indicates a detection limit.
More than a decade of apoptosis imaging research has resulted in several promising agents. Among these, annexin V derivatives are by far the most widely reported and are often regarded as a reference point for gauging the incremental value of future-generation imaging agents. The legacy of annexin V-based imaging agents has constituted a significant and successful push in apoptosis imaging research. Seminal work from annexin V-based imaging studies, along with others, helped pave the way toward clinical translation by demonstrating the potential, as well as the challenges, of apoptosis imaging (12, (22) (23) (24) (25) .
A critical level of consideration is owed to the choice of an imaging agent based on the physicochemical properties of the agent within the context of an imaging application. To this end, the in vivo imaging behaviors-namely binding kinetics and contributing factors such as blood half-life, target density, and rate of diffusion-of 99m Tc-duramycin have been quantitatively studied (15) . According to prior data, 99m Tc-duramycin possesses important in vivo properties, such as low molecular weight, high binding affinity and specificity, abundant binding target, single-step radiolabeling kit formulation, stability, fast clearance, and low systemic background (14, 15, 17) . Comparatively, there are several major differences between duramycin-and annexin V-based radiopharmaceuticals. First, duramycin has a lower molecular weight (2 kDa) than that of annexin V (32-36 kDa) (26, 27) . A lower molecular weight translates into a greater diffusion rate in tissue and a faster clearance. These properties lead to better target interactions and a lower background, thus contributing to a greater target-to-background ratio. Second, duramycin and annexin V bind PE and PS, respectively. Once externalized, a higher PE content provides a greater number of binding targets and thus an enhanced uptake per unit surface area in the plasma membrane (9, 11, 15, 28) . Third, 99m Tc-duramycin has predominantly renal clearance and a minimal hepatic and gastrointestinal background level in healthy subjects (14, 15) . Thus, the radiopharmaceutical is suitable for whole-body scans. Earlier versions of 99m Tc-labeled annexin V had a notable liver signal, but there has been an ongoing effort to generate derivatives with significantly reduced hepatic background and enhanced renal clearance (29, 30) . The combination of these properties indicates that 99m Tc-duramycin is a qualified candidate for whole-body survey scans and has potential for clinical translation.
CONCLUSION
The current study provided a proof of concept that a wholebody scan is potentially a useful imaging tool for the detection and monitoring of tissue injuries as a result of exposure to high-dose ionizing irradiation. The temporal and spatial distribution of tissue injuries delineated using this imaging technique will contribute to a better understanding of radiation-induced tissue damage. Although further investigations are warranted, findings from this study will have broad implications in detecting externalized PE as a molecular target.
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